Due to technological boom, the quantity of electronic goods is significantly growing. After their useful life, they become e-waste which has considerable impacts on the environment and society. To mitigate the issue, the reverse supply chain (RSC) has been investigated to reuse components or recycle raw materials contained in e-waste. The total cost of RSC operation is one of the vital issues which has been receiving more attention from both industry and academia. The existing research concentrates on minimizing the overall cost of the system like transportation, operating, disposal and fixed costs. However, risks normally involved during the transportation of e-waste in RSC network has not been addressed. These risks might involve collection delays, breakdown of trucks, accidents and the variation of hazardous materials which can result in unexpected disruptions and significantly higher cost. Currently, there is no research incorporating transportation risk in RSC operation. This paper is aimed to develop a mathematical model for the total cost minimization of an ewaste RSC system with consideration of transportation risk. A mixed integer linear programming is applied in the proposed model and solved by an optimization software. To illustrate the applicability of the proposed model, a numerical example is also examined. The results of this paper can decide the optimal locations for treatment centers and the flow of used products or components delivered within an e-waste RSC network. This result can support managers to design an e-waste RSC network whilst transportation risk factors are considered.
INTRODUCTION
The amount of e-waste is rapidly increasing with the generation of 20-50 million tons, and a growth rate of 3% to 5% annually (Cucchiella et al., 2015) . This rate is approximately three times faster compared to other waste streams (Singh et al., 2016) . The reason is that the lifetime of many electronic devices has been considerably shortened due to technological advancement, attractive designs of electronic products, and compatibility problems (Kiddee et al., 2013) . For instance, the average lifetime of a new computer in India is decreasing from 7 years to 4 years (Dwivedy and Mittal, 2010) . The huge amount of e-waste leads to significant environmental issues that require global and national attention. The large quantity of e-waste in Guiyu, China, for example, is manually processed with improper methods for a long period that has influences on the quality of water, air, soil and human health (Sthiannopkao and Wong, 2013) . One of the effective ways to mitigate the environmental effect of e-waste is to implement reverse supply chain (RSC) to gain recycled materials or reusable parts from such waste streams (Rahman and Subramanian, 2012) . The scarcity of raw materials, sustainable development, and environmental regulations create RSC operation which makes the recovery of returned products and materials more attractive (Rahman and Subramanian, 2012 , Dowlatshahi, 2000 , Nagalingam et al., 2013 , Chandiran, 2014 The RSC operation may require a large initial investment for establishing collection areas, remanufacturing, and recycling facilities (Govindan and Soleimani, 2017) . Hence, studies on total cost minimization Operations and Supply Chain Management 11(3) pp. 151 -160 © 2018 of RSC system have been of interest for researchers and managers (Rogers et al., 2012 , Dat et al., 2012 , Gomes et al., 2011 , Mahmoudi and Fazlollahtabar, 2014 , Kilic et al., 2015 , John et al., 2017 , Anish Sachdeva et al., 2015 . In the literature of RSC modelling, mixed integer linear programming (MILP) formulation is one of the major tools used (John et al., 2017) . A basic RSC model in the product recovery configuration was introduced by Fleischmann et al. (2001) . The main objective function of the model was to minimize the total cost for a multi-tier, single-product, uncapacitated facility location model. To demonstrate the usefulness of the suggested model, two cases involving copier manufacturing and paper recycling were considered. Min and Ko (2008) also suggested a MILP and used Genetic Algorithm (GA) to address the RSC problems relating to the location of repair centers for third-party logistics companies. The model can assist the company to combine the existing forward supply chain with the RSC chain for return products. As a result, this allows a company to establish a whole supply chain process to manage returned products from the comprehensive aspect. Pishvaee et al. (2010) developed a MILP model for multi-echelon RSC networks in order to minimize fixed and transportation costs. To find out the nearoptimal solution for the large-size problem, they used a simulated annealing (SA) algorithm with special neighbourhood search mechanisms. To address the inventory and production planning issues in RSC operation, Gomes et al. (2011) presented a MILP model for recovery network of e-waste, which was used to determine the optimal locations for collection and sorting facilities. They concluded that the costs of recycling and transportation are the main factors in the establishment of this network. Regarding the variation of input values, Anish Sachdeva et al. (2015) suggested a mathematical model for multi-layer RSC and solved by Lingo software. Sensitivity analysis with the different input values was obtained, and the model can assist managers to have a better decision in designing RSC network.
It is clear that a supply chain consists of multiple organisations with many echelons of suppliers or customers, which can lead to several risks at different stages (Manoj Hudnurkar, 2017) . In supply chain operations, risks can be defined as a potential fluctuation from the initial objective, which can lead to non-value added activities at various stages (Eldabee, 2015) . Kumar et al. (2010) suggested a mathematical model to minimize the total cost with incorporating the various kinds of risks and their impacts on the forward supply chain. A study on supply chain risk management was conducted by Thun and Hoenig (2011) through investigation of 67 manufacturing companies in Germany. The research examined the primary risks in supply chain system and analysed their loss of occurrence and their consequences. Some main risks such as purchasing risks, transportation risks, demand risks and environmental risks were considered in the research. The result illustrates that most of supply chain risks come from inside supply chain which managers can mitigate these risks directly.
Based on literature review, it is found that risks are majorly analysed in a forward supply chain but rarely considered in a reverse supply chain. A recent study conducted by Sohani and Chaurasia (2016) is to examine risks related to RSC operation. The framework analysed the probability and impacts of those risks and suggested a possible way to reduce such risks to improve the flow of materials more effectively. In RSC system, earlier studies mainly consider investment, processing, disposal and transportation costs in the overall cost. According to Dat et al. (2012) and Gomes et al. (2011) , transportation cost constitutes a large percentage of total cost for RSC network. Especially, e-waste contains a variety of dangerous substances like lead, cadmium, and mercury (Kiddee et al., 2013) . Unlike other materials, the transportation of hazardous substances might leads to a potential risk to human health and environment (Fabiano et al., 2002) . In spite of the low likelihood of accidents occurred, the consequences might be higher in the case of hazardous materials transportation (Yanık, 2015) . To our best knowledge, transportation risk associated with RSC operation is not investigated in the existing research. Transportation risks can generally derive from shipping of toxic materials contained in e-waste which can affect the transportation and total costs (Fabiano et al., 2002) . Therefore, the current models are insufficient to represent the real e-waste RSC model. Hence, this paper aims to develop a multi-product, multi-tier RSC model, especially for ewaste to minimize the total cost with transportation risk integrated.
The rest of this paper is organized as follows; Section 2 presents the problem description whereas Section 3 shows the model development. In Section 4, the numerical example is addressed to demonstrate the usefulness of the proposed model. Finally, conclusions and future work are provided in Section 5. Figure 1 shows the general e-waste reverse supply chain network consisting of 4 tiers.
PROBLEM DESCRIPTION
As shown in Figure 1 , the used products from retailers or consumers are first picked up at collection areas (K). After that, they are delivered to disassembly centers (D) where the used products are disassembled into different parts or materials. In the next step, some recyclable materials like metals, and plastics are sent to recycling centers (R) while broken or damaged items are delivered to remanufacturing centers (M). Hazardous materials or waste will be transported to disposal site (L) for special treatments. Finally, recyclable and renewable materials are transferred to demand and secondary markets respectively.
To establish the RSC model with transportation risk, the key assumptions used in this study are as follows:
-
The cost parameters used in the proposed model are deterministic and predefined. Note that the risk factors in the transportation are described as the probability of occurrences in PO1kd, PO2dm,…, PO6rp and the consequence of occurrences in CO1kd, CO2dm,… , CO6rp which are evaluated from the scale of 1 (lowest) to 10 (highest) adopted from (El Dabee et al., 2014) .
MODEL DEVELOPMENT
The main objective of the proposed model is like to other existing approaches, to minimize the total cost (TC) shown in Eq.1. The first three terms in Eq.1 represent operating costs in disassembly, remanufacturing, and recycling facilities, respectively. The next three terms describe the fixed cost for establishing those treatment centers, respectively. The last term in the second line of Eq.1 is the disposal cost for hazardous materials. The next six terms present the transportation cost between centers. The next terms (sixth line in Eq.1) indicate the revenue received from selling recovery materials and reusable items. The costs related to the transportation risks is presented in the last six terms. In this paper, the risk cost, for transportation risk, is calculated by multiplying the percentage of risk score and corresponding transportation cost. Transportation risks include transportation delays, the breakdown of trucks or the uncertainty of hazardous materials normally stemmed from delivering components or materials between nodes in the RSC network, which can result in higher transportation cost (Sheu, 2007) .
To represent the established model as the real RSC model, the following constraints are considered in the model; Subject to: 
Constraint (2) presents all used products are collected at collecting zones. The outcomes of disassembly facilities are described by constraints (3)-(5). Constraints (6)- (7) ensure the flow equivalence of different kinds at facilities. Constraints (8)- (11) require that a number of items at disassembly, remanufacturing, recycling facilities and disposal sites are not greater than the maximum capacity of these facilities. Constraints (12)-(13) make sure that the quantities of reusable and recycling materials do not exceed the maximum need of demand and secondary markets. Constraints (14)- (15) show the binary and integer variables.
NUMERICAL EXAMPLE
This section presents a numerical example to evaluate the practicability of the proposed model. In this example, two different types of used products are considered and the product structure tree of these used products are shown in Figures 2 and 3 . There are one unit of reusable item (E1), two units of recycling materials (Y1, Y2), and one unit of hazardous material (T1) in used product U1 while there are one unit of reusable component (E2), three units of recycling materials (Y3, Y4, Y5) and one unit of hazardous material in used product U2.
In addition, there are two collection areas (K1, K2), three potential locations for disassembly centers (D1, D2, D3), three potential locations for remanufacturing centers (M1, M2, M3), two secondary markets (S1, S2), two demand markets (P1, P2) and one disposal site (L1). These parameters (Tables 1-10 ) in the model are generated within a reasonable range and adopted from John et al. (2017) and Phuc et al. (2013) . Table  1 presents the size of the numerical example while unit revenue received from recycled and reusable items is given in Table 2 . The distance between centers is provided in Table 4 whereas the unit of transportation, operating, fixed costs are shown in Tables 3, 5 and 6, respectively. The maximum capacity at facilities is represented in Tables 7  and 8. Table 9 shows the number of used products at collection areas. It is assumed that the value of the probability and the consequence of accident occurrence from transportation between centers is in the scale of 1 to 10 adopted from El Dabee et al. (2013) as shown in Table 10 . Table 1 The size of the numerical example Y  T  2  3  3  2  2  2  1  2  2  5 2 Operations and Supply Chain Management 11(3) pp. 151 -160 © 2018
Figure 2 Product structure of used product U1 Figure 3 Product structure of used product U2 Table 2 Unit revenue received from recycled and reusable components ($) Re1 Re2 Ry1 Ry2 Ry3 Ry4 Ry5 1.8 1.5 2 1.8 1.6 1.6 2.3 Table 3 The unit transportation cost per km ($) Tu1 Tu2  Te1 Te2  Ty1 Ty2 Ty3 Ty4 Ty5  Tt1 Tt2  2 CO23m  m=1  3  2  1  2  2  2  m=2  2  2  1  1  2  1  m=3  2  2  1  1  1  1  Route d-r  PO31r  PO32r  PO33r  CO31r  CO32r  CO33r  r=1  2  1  1  2  3  2  r=2  4  2  4  3  2  3  r=3  3  3  2  1  2  2  Route d-l  PO41l  PO42l  PO43l  CO41l  CO42l  CO43l  l=1  4  3  2  2  2  3  Route m-s  PO51s  PO52s  PO53s  CO51m  CO52m  CO53m  s=1  3  2  1  2  3  1  s=2  3  2  1  3  3  1  Route r-p  PO61p  PO62p  PO63p  CO61p  CO62p  CO63p  p=1  2  4  2  2  3  2  p=2  1  2  2  2  2  2 The proposed model is solved by an optimization software to find the optimal solution. There are two cases considered in the study. With risk cost (case 1), the total cost obtained is $52371. On the other hand, the result is $44159 without risk cost (case 2). The results also indicate that the treatment centers (D1, D2, M1, M3, R2, and R3) should be opened in case 1 while D1, D2, M1, M2, R2, and R3 should be utilised in case 2. It can be seen that R1 and D3 are not selected in both cases since the disassembly centers (D1, D2) and recycling centers (R2, R3) are sufficient to handle used products and components with cost minimization. However, there is a difference in remanufacturing centers chosen in two cases. M1 and M3 are selected in case 1 while M1 and M2 are chosen in case 2. Consequently, there are some changes in the movement of items and materials in the RSC network (V1ukd, V2edm, V3ydr, and V4tdl) in the two cases (as seen in Figures 4 and  5 ). For example, as can be seen in the second stage, 250 units of 2 nd used product are delivered from D2 to M1 in case 2 while this figure rises to 330 units shipped from D2 to M1 in case 1. The main reason is that the risk cost from D1 to M1 is higher than that from D2 to M1. Hence, it is better to increase the number of used products delivered from D1 to M1 in order to reduce the total cost. BCr  BCm  LC1l  LC2l  d=1  950  r=1  750  m=1  850  l=1  3  2  d=2  920  r=2  840  m=2  800  d=3  870  r=3  800  m=3 820 Operations and Supply Chain Management 11(3) pp. 151 -160 © 2018
BCd
The results in the example clearly show that the transportation risk is one of the major factors in terms of the total cost and RSC network designs. In the numerical example, the total cost increases more than 18% with risk cost incorporated. In addition, the flow of materials or items can be considerably changed when transportation risk is considered (as shown in Figures 4 and 5) . Thus, it can be concluded that it is necessary to include transportation risk in the model to represent the real RSC.
A RSC system generally needs a large initial investment for constructing dismantling, remanufacturing, and recycling facilities. Hence, one of the key issues in a RSC that decision makers are facing is the determination of the number and location of different centers, as well as the optimal flow of materials and components through the network. The proposed mathematical model suggests the optimal decisions to establish a RSC network design while transportation risk is incorporated. Furthermore, each kind of waste has transferred to different treatment processes based on its characteristic. Therefore, the proposed model presented in this study has practical implications for the network design of an e-waste RSC.
CONCLUSIONS
A multi-product and multi-tier RSC model for ewaste with consideration of transportation risk has been developed in this paper. This model is to optimize the total cost of RSC system while considering transportation risk. The example shows that there is a considerable difference in the comparison of two cases (case 1-with risk cost and case 2-without risk cost). The results also show that the movement of items and materials can be significantly affected by risk cost. The proposed model in this paper can be a good starting point for further studies in the field of RSC network designs with integrating risk cost. This paper can assist managers to have a better perception in establishing e-waste RSC system in consideration of risk factors in order to achieve the desired goal. However, there are some limitations in this research that are waiting for further research. Firstly, it is assumed that the amount of returned products and the cost are deterministic in this paper but in reality, these parameters are uncertain. Therefore, stochastic or fuzzy approaches should be developed to deal with such uncertain elements. Secondly, the proposed model only considers transportation risk, and hence other risks in the RSC operation such as demand risk, processing risk, or environmental risk need to be incorporated in the future research to establish a more comprehensive model for the real e-waste RSC system.
